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Abstract: The sugarcane aphid, Melanaphis sacchari (Zehntner) (Hemiptera: Aphididae) (SCA), has
become a major pest of grain sorghum since its appearance in the USA. Several grain sorghum
parental lines are moderately resistant to the SCA. However, the molecular and genetic mechanisms
underlying this resistance are poorly understood, which has constrained breeding for improved resistance. RNA-Seq was used to conduct transcriptomics analysis on a moderately resistant genotype
(TAM428) and a susceptible genotype (Tx2737) to elucidate the molecular mechanisms underlying
resistance. Differential expression analysis revealed differences in transcriptomic profile between
the two genotypes at multiple time points after infestation by SCA. Six gene clusters had differential expression during SCA infestation. Gene ontology enrichment and cluster analysis of genes
differentially expressed after SCA infestation revealed consistent upregulation of genes controlling
protein and lipid binding, cellular catabolic processes, transcription initiation, and autophagy in the
resistant genotype. Genes regulating responses to external stimuli and stress, cell communication,
and transferase activities, were all upregulated in later stages of infestation. On the other hand,
expression of genes controlling cell cycle and nuclear division were reduced after SCA infestation
in the resistant genotype. These results indicate that different classes of genes, including stress
response genes and transcription factors, are responsible for countering the physiological effects of
SCA infestation in resistant sorghum plants.
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1. Introduction

published maps and institutional affil-

Sorghum [Sorghum bicolor (L.) Moench] is a drought tolerant C4 grass species, which
is grown for grain, forage, sugar, and biofuel. Sorghum is the fifth most important cereal
crop in the world after wheat (Triticum aestivum L.), rice (Oryza sativa L.), maize (Zea mays
L.), and barley (Hordium vulgare L.) [1,2]. Sorghum germplasm lines have broad genetic
variation in economically important traits affecting productivity and resistance to biotic
and abiotic stresses [3], but most genetic improvement programs have relied upon classical
breeding approaches. Traits determining biotic and abiotic stress tolerance remain among
the most challenging to improve, largely due to trait complexity, quantitative genetic
contributions, and enormous interaction effects between genotype, environment, and
cultural management. The recent invasion of North America by a sorghum-feeding strain
of the sugarcane aphid, Melanaphis sacchari (Zehntner) (Hemiptera: Aphididae) (SCA),
created new pest management challenges for sorghum producers [4,5]. Modern genomics

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

Int. J. Mol. Sci. 2021, 22, 7129. https://doi.org/10.3390/ijms22137129

https://www.mdpi.com/journal/ijms

Int. J. Mol. Sci. 2021, 22, 7129

2 of 18

approaches hold the potential to manipulate available genetic variation for improved crop
resistance to the pest in a shorter time than conventional breeding techniques.
Sorghum has become a botanical model for plant genomics research on C4 grasses,
largely because of its international economic importance [6]. It has a relatively small diploid
genome (~750 Mbp) and can serve as a useful genetic model for other tropical grasses
with larger, more complex, genomes. The first sorghum genome sequence was based on
a whole-genome shotgun sequence that assembled 730 Mbps, which were validated by
genetic, physical, and syntenic information [7]. This analysis placed about 98% of genes
in a chromosomal framework and revealed significant similarity to rice with respect to
gene order and density. The newly sequenced genome of sweet sorghum has revealed a
high level of genomic similarity to grain sorghum, irrespective of significant phenotypic
differences [8].
The SCA has historically infested only sugarcane in the southern United States [9,10],
but began attacking grain sorghum in northeastern Mexico, Louisiana, Texas, southern
Oklahoma, and eastern Mississippi in 2013 [4]. Over the next few years, it became a major
pest of sorghum wherever it is grown in North America [11–13]. In 2014 and 2015, sorghum
growers in the lower Rio Grande Valley of south Texas lost more than US $31 million
due to reduced yields and the cost of insecticide applications [14]. The aphid has now
been confirmed in all 18 sorghum-growing states of the USA [15] and only a few grain
sorghum hybrids have expressed moderate resistance to the SCA [16]. The aphid has a
high reproductive rate on susceptible cultivars [17], disperses far and wide with prevailing
winds [15], and can overwinter on remnant sorghum and Johnsongrass, Sorghum halapense,
as far north as the Oklahoma border with Texas [12,18]. Susceptible sorghum hybrids are
still grown over large acreages, such that most sorghum-producing regions of the USA
remain at risk. Although natural biological control has evolved rapidly to reduce peak SCA
populations on the High Plains [19,20], recruitment of aphid predators and parasitoids to
SCA-infested sorghum has, to date, been insufficient to preclude the need for chemical
control elsewhere, such as on the east coast of USA [21], possibly because this region lacks
the large acreage of winter wheat that is a major source of aphid natural enemies migrating
to summer crops in central North America.
Historically, host-plant resistance has been a useful tactic for managing aphids in
cereal crops [22], including sorghum [17,23,24]. Resistant sorghum cultivars and hybrids
have the potential to provide the foundation of an environmentally sound, sustainable
management program for SCA when employed in combination with other integrated pest
management practices. Accordingly, sorghum breeding programs have identified some
commercial sorghum hybrids and parental lines with partial resistance [11,25]. A better
understanding of the genetic and molecular mechanisms underlying plant resistance to
SCA would assist the redeployment of existing resistance genes into new lines and perhaps
identify novel resistance genes. However, breeding for SCA resistance is hampered by
a lack of understanding of the molecular bases of aphid virulence, host plant resistance
mechanisms, and the genes involved. Identification of the genes involved in sorghum
responses to SCA infestation would have practical value for plant breeding efforts to
combat this invasive pest and could enhance our understanding of resistance mechanisms.
The present study was conducted to achieve three major aims: (i) to characterize the genes
that are differentially expressed between SCA-resistant (TAM428) and susceptible (Tx2737)
sorghum genotypes; (ii) to elucidate patterns of temporal change in the expression of
genes during SCA infestation; and (iii) to identify sequence-specific DNA-binding factors
(transcription factors) that control the transcription of genes differentially expressed in
response to SCA feeding.
2. Results
2.1. RNA-Seq Data Summary
To assess the global transcriptome profile of sorghum in response to SCA infestation,
we performed RNA-Seq analysis on resistant (R, TAM428) and susceptible (S; Tx2737)
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Figure 1. Number of DEGs (up regulated) in resistant and susceptible sorghum genotypes at
different times after SCA infestation. Samples were taken 0 h, 96 h, 216 h, and 360 h after infestation
of the plants with fourth instar apterous Melanaphis sacchari. R = resistant, RC = resistant control,
S = susceptible, SC = susceptible control.

A trend toward increasingly differential gene expression was observed between resistant and susceptible genotypes within time points after SCA infestation, the largest
difference being observed at 360 h (Supplementary Figure S2). The fewest genes were
differentially expressed between R96 and RC0, and S96 and SC96 also showed few differ-
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ential expressions. Few differential expressions imply that aphid feeding did not trigger
significant responses in either R or S genotypes triggered significant responses to aphid
feeding at 96 h after infestation.
The numbers of DEGs in the R genotype was generally low compared to the S genotype
at specified time points after infestation. The greatest significant difference (p ≤ 0.05)
was observed for S360 h vs. SC0 h, with 6794 differentially expressed genes at the log2
(foldchange). A plausible explanation for these differences is the effective elicitation of
catabolic processes by aphid feeding on the S genotype that serve to improve nutritional
quality of phloem sap for the SCA.
2.3. Dynamics of Differential Gene Expression in Response to SCA Infestation
The statistical significance (p-value) and fold change of gene expression between
treated and control plants at 96 h and 216 h post-infestation, for both R and S genotypes
revealed significant differences in gene expression between control and infested samples in
gene expression (Figure 2). A larger number of genes of the R genotype were significantly
upregulated in treatment samples than in untreated controls at both 96 h and 216 h postinfestation (Figure 2A,B). On the other hand, similar numbers of genes were upregulated
in treated and untreated plants of the S genotype (Figure 2C,D), although a larger number
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW
5 of 20
of genes were expressed at 216 h.
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2.4. Identification of Commonalities and Differences of DEGs

A Venn diagram (Figure 3) was constructed to visualize commonalities and differences in genes expressed in the R and S genotypes at specified time points. All upregulated transcripts at each time point were compared for commonality and difference with
their counterparts in the other genotype at the same time (Figure 3A). At 0 h, the R and
the S genotypes had 1637 and 2414 transcripts upregulated, respectively, whereas 580
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The time points R96 h, R216 h, and R360 h shared more upregulated genes than did
their susceptible counterparts. In addition, the R360 h samples had more upregulated
genes than did the S360 h samples (1338 vs. 781). At 0 h and 96 h, more genes were upregulated in the S genotype than in the R at the same time points. At 96 h post-infestation, a
smaller overall number of transcripts were expressed (220 in the R and 1905 in the S, with
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The time points R96 h, R216 h, and R360 h shared more upregulated genes than did
their susceptible counterparts. In addition, the R360 h samples had more upregulated genes
than did the S360 h samples (1338 vs. 781). At 0 h and 96 h, more genes were upregulated
in the S genotype than in the R at the same time points. At 96 h post-infestation, a
smaller overall number of transcripts were expressed (220 in the R and 1905 in the S, with
197 in common between the two genotypes). This stands in contrast to the 2179 and 3711
transcripts upregulated in the R216 h and S216 h samples, respectively, post-infestation, and
the 1629 and 4353 transcripts upregulated in the R360 h and S360 h samples, respectively,
post-infestation. There were also 796 transcripts upregulated in both genotypes at 360 h
post infestation.
We also compared gene expression in un-infested controls of the R and S genotypes
at different times (Figure 3B) and observed 1637, 220, and 578 upregulated genes in the
R genotype at 0, 96, and 216 h, respectively. Similarly, 3216, 40, and 940 genes were
upregulated in the S genotype at the same time points. In both cases, commonly expressed
genes were higher between 0 h and 216 h than between 0 h and 96 h, indicating that
responses to SCA feeding increase progressively with infestation time.
To assess gene expression patterns post-infestation, we compared the R and S genotypes on each of the four time points (Figure 3C). In general, there were more commonalities
in expressed genes across time points for the S than for the R genotype. Overall, only 40
genes were consistently upregulated in the R, compared to 268 in the S genotype. Thus,
the pattern of gene expression was more dynamic in the R than in the S genotype, likely
reflecting the ontogeny of defensive responses by the R line over the course of aphid
infestation.
2.5. Annotation and Clustering of Expressed Genes
Cluster and gene ontogeny (GO) enrichment analyses revealed different gene response
patterns at different times after SCA infestation (Figure 4). Six clusters of gene expressions
were deduced by heat map and graphical representation. Expression of genes regulating protein and lipid binding, cellular catabolic processes, transcription initiation, and
autophagic processes began at 96 h post-infestation and steadily increased from 216 h to
360 h (Cluster 1). Similarly, expression of genes underlying responses to external stimuli,
starvation and stress, cellular communication, UDP glycosyltransferase activity, and proton
transport began at 96 h, and showed sharp increases after 216 h (Cluster 3). In contrast,
the expression of genes related to catalytic activity, oxidoreductases, acyl and glycosyl
transferases, hydrolases, electron transport activities, phosphorylation, and protein folding,
steadily decreased over time post-infestation (Cluster 2). Likewise, genes responsible for
developmental processes such as DNA binding, regulation of cellular division and cell
cycle, DNA metabolic processes, and membrane-bound organelles diminished with time
post-infestation (Cluster 4). These genes were highly expressed at time of infestation (0 h)
and their expression progressively diminished over time post-infestation.
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Figure 4. Heatmap and hierarchical clustering show gene expression pattern in resistant (TAM428) and susceptible (Tx2737)
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that refers to no Apical Meristem, NAM), ATAF (Arabidopsis Transcription Activation
Factor), and CUC (Cup-shaped Cotyledon), MADS [Minichromosome Maintenance Factor
(M), Agamous (A), and Deficiens (D), and Serum Response Factor (S)], bZIP (basic Leucine
Zipper), bHLH (basic Helix-Loop-Helix), WRKY, and MYB were all implicated in major
roles regulating plant responses to SCA infestation (Figure 6, Supplementary Figure S3).
Different families of TFs were up- or down-regulated at different time points. Five among
seven ARF TFs, except for ARF12 and ARF24, were more highly expressed in the R 11
than
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW
of in
20
the S genotype at 360 h post-infestation (Figure 6A). At 216 h post-infestation, un-infested
susceptible controls exhibited upregulation of ARF24 and ARF26.

Figure 6. (A–E) Expression dynamics of transcription factors (TFs) in sugarcane aphid resistant and susceptible sorghum
genotypes at different time points post-infestation. Different TF family members show dynamic expression profiles across
genotypes and
and time
time points.
points.
genotypes

3. Discussion
Plants have evolved various morphological and physiological mechanisms to respond to the stresses imposed by herbivory and counter their negative impacts on fitness
[26,27]. Among herbivores, aphids in particular have evolved complex parasitic relationships with their host plants, often mediated by signaling compounds (‘elicitors’) that affect
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Nine MADS TFs were differentially expressed in the two genotypes at different time
points post-infestation (Figure 6B). At 360 h post-infestation, MADS52, MADS18, MADS56,
and MADS26 were upregulated more in the R than in the S genotype. On the other hand,
the S genotype overexpressed MADS67, MADS22, and MADS2 at 360 h post-infestation
when compared to the R genotype. Out of 33 NAC TFs differentially expressed, 18 were
overexpressed in the S genotype (Figure 6C). In contrast, the R genotype consistently
overexpressed NAC116 and NAC122 at 96 h post-infestation. Another NAC TF, NAC91
was overexpressed by the R genotype at 360 h, and by susceptible controls at 216 h and
96 h post-infestation. NAC4 and NAC20 were overexpressed in resistant controls at 0 h
and 96 h post-infestation, and then remained mostly downregulated.
Most of the 18 GRAS TFs differentially expressed were silent during early infestation
but became upregulated in un-infested resistant controls and the S genotype mostly at
216 h and 360 h post-infestation (Figure 6D). The exceptions to this were GRAS44, GRAS72,
and GRAS73, which were highly expressed by the R genotype (both infested and uninfested) early in the course of infestation. There were 33 WRKY genes expressed in this
study (Figure 6E). Except for WRKY18, WRKY50, WRKY70, WRKY73, and WRKY75, most
of the genes regulating WRKY were also more upregulated in the S genotype than in
the R genotype at 216 h and 360 h post-infestation. These five WRKY genes were also
upregulated in the R genotype at 360 h post-infestation. Similarly, most of the EREB TFs
were upregulated late in the infestation process, and more upregulations were observed
in the susceptible than in the resistant genotype (Supplementary Figure S3). However,
EBER28, EBER30, EBER31, and EBER49 were more upregulated in the R than in the S
genotype. Expression of the different GRAS and ARF TFs was also low in un-infested
controls and early in the infestation process, whereas higher expression of GRAS in the S
than in the R genotype was observed late during infestation.
3. Discussion
Plants have evolved various morphological and physiological mechanisms to respond
to the stresses imposed by herbivory and counter their negative impacts on fitness [26,27].
Among herbivores, aphids in particular have evolved complex parasitic relationships
with their host plants, often mediated by signaling compounds (‘elicitors’) that affect
plant gene expression and metabolism in ways that can subvert normal plant defensive
responses and improve the quality of phloem contents as food, usually at the expense of
plant fitness [28–30]. The molecular basis of resistance to SCA in sorghum remains poorly
understood, although a previous study on global transcription responses of sorghum
genotypes resistant (RTx2783) and susceptible (A/BCK60) to SCA reported suppressed
expression of multiple sugar- and starch-associated genes in resistant plants at five and
10 days post-infestation [31]. Such changes would be consistent with the aphid eliciting
changes in plant physiology that raise phloem nitrogen content at the expense of carbohydrate content. The same study identified several nucleotide-binding sites, leucine-rich
repeat (NBS-LRR) and putative aphid resistance genes [31].
We observed substantial differences in the numbers of DEGs between the R and S
genotypes at different time points post-infestation. The reaction of R and S plants to
the SCA likely differ in terms of the number, type, and timing of the gene expression
changes as they respond to the physiological assault of the pest on processes associated
with the normal growth and development of the plant. Indeed, differential expression
analysis showed a trend toward increasing DEGs over the course of infestation in both
R and S genotypes (Figure 5). This likely reflects cascades of host plant gene expression
in response to feeding elicitors injected into the phloem sap with the ‘watery’ fraction of
aphid saliva [32], with initial changes in gene expression triggering subsequent changes in
the expression of others. Phloem elements carry assimilates from source to sink and are
the site of many physiological changes induced by aphid feeding that result in attenuation
of host defenses, and thus may also be the site of plant gene expression associated with
phloem-based resistance [33]. Aphid feeding on poor quality or non-host plants is typically
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prevented because aphids are unable to access phloem elements [34], so resistance in
acceptable host plants is typically expressed via physiological interactions that occur
during aphid salivation and ingestion within the phloem. Kiani and Szczepaniec [13]
reported transcriptional changes in response to M. sacchari feeding on resistant sorghum
that were lower or absent in a susceptible counterpart, and noted these responses were
more pronounced when feeding occurred on seedlings (2 weeks post-emergence) than on
adult plants (6 weeks post-emergence). Upregulation of known plant defense genes in
resistant plants were also noted, similar to our findings.
Genes enriched in the R genotype at 216 h and 360 h post-infestation included those
that respond to biotic stimuli (GO:0009607), coordinate stress responses (GO:0006950),
regulate metabolic processes (GO:0008152), and mediate developmental processes (GO:
0051704). These changes in gene expression likely mediate enzyme production or activity
in R plants specifically in response to aphid feeding. Genes regulating metabolic processes
were also overrepresented in the R sample at 216 h and 360 h post infestation. Because
metabolic processes represent the sum of catabolic and anabolic processes required to
obtain energy and produce cellular components, the over-representation of these genes
suggests that R plants accelerate metabolic processes to counteract the negative effects
of aphid feeding on plant growth and development. An acceleration of metabolism in
response to insect feeding often leads to the production of defensive metabolites such as
alkaloids, terpenes, and glucosinolates, the exact profile of which depends on the plant
species [35]. Pathway analysis of upregulated defense related genes in SCA-resistant
sorghum has identified hormone-signaling pathways, pathways coding for secondary
metabolites, glutathione metabolism, and plant-pathogen interaction [13].
At 360 h post infestation, genes modulating cellular protein modification processes
(GO:0006464) and macromolecule assembly (GO:0043412) were upregulated in the R line,
relative to the S line. Protein modifications can involve pre-translational, co-translational,
and post-translational alterations of amino acids in proteins, peptides, and nascent polypeptides which can change their stability or functionality, with effects on plant signaling, gene
expression, and enzyme kinetics [36,37]. Thus, the R genotype modified its enzyme functionality, signaling, and gene expression in response to aphid feeding in ways that the
S genotype did not. Genes encoding other molecular functions such as carbohydrate
binding (GO: 0030246) were also overrepresented in the R sample at 216 h post infestation.
Carbohydrate-binding proteins such as lectins have anti-herbivore functions in many plant
species [38], and are known to have antibiotic activity against aphids [39]. Their enrichment
in the R line when infested with SCA suggests that carbohydrate-binding proteins may
play a role in SCA resistance.
Genes controlling the activity of kinases (GO:0016301) and transferases with phosphorus containing groups (GO:0016740, GO:0016772) were overrepresented in the R genotype
at 360 h. Kinases play a crucial role in phosphorylation and energy transfer. In the context
of host plant resistance to insects, kinases and transferases are known to regulate the
dynamics of phytohormones such as jasmonic acid (JA), ethylene, and salicylic acid (SA)
in response to herbivory. They are also known to activate the transcription of herbivore
defense-related genes, and mediate the accumulation of defensive metabolites [40].
Transcription factors (TFs) include a wide range of proteins involved in the initiation
and regulation of gene transcription [41]. They are key components of plant regulatory
networks that respond to environmental cues and mediate stress responses at the cellular
level. Analysis of TFs produced in response to SCA herbivory revealed dynamic transcriptional changes in both S and R genotypes, suggesting that these genes are involved in
general sorghum responses to aphid feeding, rather than mediating specific resistance traits.
For example, Kariyat et al. [42] showed that an MYB transcription factor was associated
with the accumulation of flavonoids in sorghum plants that conferred resistance to the
corn leaf aphid, Rhopalosiphum maidis Fitch. However, several classes of TFs related to
host-plant defense were overrepresented in our R sample compared to annotated genes of
the sorghum genome [43].
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In higher plants, there are a number of WRKY genes that have positive or negative
effects on the transcription of defense-related genes [44]. Zheng et al. [45] reported that
an overexpression of WRKY33 had a positive effect on regulation of JA-induced defense
genes and a negative effect on regulation of SA-related defense genes. Both the SA [46] and
JA [47] pathways have been implicated in responses to aphid feeding. We observed that
more WRKY genes, including WRKY33, were upregulated in the S genotype than in the
R genotype at 360 h, suggesting that these genes were responding to aphid elicitors that
target plant physiology to benefit the aphid, and that suppression of this upregulation may
be one component of resistance [48]. On the other hand, down-regulation of SA-related
genes in the S genotype likely reflects mitigation of plant defensive responses by the aphid
(e.g., [49]).
The NAC gene group (NAM, ATAF, and CUC) is one of the largest plant-specific
TF families involved in plant development, stress responses [50] and plant immune responses [51]. Similarly, members of the MADS-box gene family are involved in developmental control, signal transduction, and stress responses in various plants [52,53]. Because
TFs function to regulate the expression of multiple target genes, their loss or gain of function can lead to dramatic phenotypic alterations. The observed over-expression of several
NAC and MADS-box gene families in the SCA resistant genotype would suggest they are
involved in countering the physiological impacts of aphid feeding. It is not clear if immune
receptor-mediated mechanisms mediate responses to SCA feeding in sorghum as they do
in the Arabidopsis—Myzus persicae system [28]. However, susceptible plant responses to
aphid feeding have been shown to involve the downregulation of key genes involved in
plant immunity, as in zucchini plants responding to feeding by Aphis gossypii (Glover) [54].
The MYB TF is another large family of TFs involved in controlling plant growth and
development, cell morphology, primary and secondary metabolic reactions, and stress
responses [55,56]. The NAC TF has an evolutionary relationship with WRKY, as their
DNA-binding domains interact with the same core sequence in target genes [57]. An
overexpression of NAC TFs has been shown to improve biotic and abiotic stress tolerance
in plants [58]. The MYB genes that are upregulated in the R genotypes, such as MYBR66,
MYB66, MYBR40, and MYB92, have roles in transcription activation, zinc-ion binding,
and protein–protein interactions [59], suggesting that these TFs could function to integrate
multiple inputs to coordinate transcription of defense related genes [60].
Changes in plant gene expression in response to aphid feeding are, of course, only one
side of the HPR coin, the other being changes in gene expression that occur in the aphid
in response to specific plant resistance factors [61,62]. Additional work is warranted to
examine the changes in SCA gene expression that occur in response to SCA feeding on the
two sorghum lines used in this study. Taken together with the current findings, the results
would permit the elucidation of reciprocal genetic responses in the aphid-plant interaction
as it occurs in susceptible and resistant sorghum lines.
Although aphids have longstanding importance as cosmopolitan pests, genomic
studies of aphids are lagging. Recently, the genome of the pea aphid was sequenced as
a primary aphid model system [63]. In this study, RNA-Seq data collected from three
replications were analyzed. Based on the analysis of variance, the respective p values and
the level of significance are presented for all the differentially expressed genes (DEGs)
for the biotic stress resistance—some of them are also known for insect resistance in the
resistant genotype. The results developed through the robust and highly reliable next
generation sequencing (NGS) data analysis in this study itself justifies validation for
the RNA-Seq analysis. This initial genome sequencing may serve as a springboard for
functional genomics and biological studies unique to aphids [64] and may facilitate a better
understanding of SCA genome features that are key to its pest status on grain and forage
sorghums.
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4. Materials and Methods
4.1. Plant Materials
Two sorghum inbred lines, namely TAM428 (SCA resistant, R) and Tx2737 (SCA
susceptible, S), were obtained from Dr. Chad Hays, USDA Lubbock, Texas, for use in
the study. TAM428-SC110-9 was released in 1974 by Texas AgriLife Research Sorghum
Improvement Program as a disease resistant inbred parental line. TAM428 is a parental
line, a selection from the BC3 F2 of the conversion of IS 12610 [65]. RTx2737 was released
in 1976 (Tx7000–Tx2536 derivative) [66]. It is a parental line and green bug differential,
resistant to biotype C [11].
4.2. Aphid Infestation and Sampling
The seeds of both genotypes were planted in plastic cones (25 × 5 cm) in a greenhouse
and transferred to a climate-controlled growth chamber at the two-leaf stage at Agricultural
Research Center-Hays, Kansas State University. The climate-controlled growth chamber
was set to 23 ± 1 ◦ C and a 14:10 h (light:dark) daylength, conditions known to facilitate both
plant growth and SCA survival and reproduction [20] and plant defense mechanisms [67].
Seedlings of both the R and S genotypes were each infested at the three-leaf stage with fivefourth instar SCA nymphs. Each cone was then tightly covered with a tubular plastic cage,
ventilated via perforations covered with organdy fabric, to confine the aphids within each
replicate. Control plants were mock infested and held under the same conditions. After
infestation, the plants were returned to the growth chamber under the same environmental
conditions and aphid survival was checked after 24 h; any dead aphids were replaced to
ensure that five aphids molted to apterous adults and began reproduction in each cone.
The experiment was laid out in a randomized complete block design (RCBD) with three
replications.
Leaf tissue samples were collected individually from both infested and un-infested
plants of both sorghum genotypes at 0 h, 96 h, 216, and 360 h after SCA infestation. Samples
were collected at exactly 10:00 am to control for diurnal cycles of transcription. Samples of
three seedlings from each biological replicate in each treatment were pooled and transferred
to −80 ◦ C freezer where they were stored until RNA extraction. Sampling times were
selected based on a preliminary observation that indicated when visible damage became
evident on susceptible plants and how long they were able to survive infestation. Time gaps
between samples were selected to be wide enough to detect changes in gene expression
patterns in both the resistant and susceptible lines.
4.3. RNA Extraction, Library Construction and Sequencing
The total RNA in each sample was extracted from the leaf tissues samples using
TRIzol® reagent following the manufacturer’s instructions (Invitrogen, Carlsbad, California,
USA), and genomic DNA was removed using DNase I (TaKaRa Bio, Mountain View,
CA, USA). RNA quality was checked by Agilent bioanalyzer 2100 (Agilent Technologies,
Santa Clara, CA, USA), and Nanodrop 2000 spectrophotometer (Nanodrop Technologies,
Wilmington, DE, USA) was used for RNA quantification. After performing quality control
(QC), the samples were outsourced to Psomagen (https://psomagen.com/dna-sequencingservices accessed on 23 October 2020) for library construction and sequencing. RNA-seq
libraries construction of the qualified samples was conducted following the TruSeqTM
stranded mRNA sample preparation kit (Illumina, San Diego, CA, USA). A sequencing
library was prepared by random fragmentation of the cDNA samples, followed by 50
and 30 Illumina TruSeq3 adapter ligation. Adapter-ligated fragments were PCR-amplified
and gel-purified before being loaded onto a flow cell where fragments were captured on
a lawn of surface-bound oligos complementary to the library adapters. Each fragment
was then amplified into distinct, clonal clusters through bridge amplification. Pairedend libraries were sequenced from the clusters generated by an Illumina Hiseq X Ten
platform (2 × 101 bp read length). Base calling was performed by the Illumina sequencer
generated raw images through an integrated primary analysis software package called RTA
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(Real Time Analysis) and base calls binary was converted into FASTQ files using Illumina
package bcl2fastq.
4.4. RNA-Seq Analysis
Sequences were trimmed for Illumina adapters and low-quality sequences using Trimmomatic v 0.38 [68]. To remove the Illumina TruSeq3 adapters, a code of ILLUMINACLIP:
TruSeq3-PE-2.fa:2:30:10 was used. Quality encoding detected as Phred-33, number of
threads 8, cut bases off the start and end of the read, if below a threshold quality both set at
3 to ensure that two consecutive bases had a score of 30 or more. The minimum length of
the read to drop was specified at 36 bp and reads less than 36 bp were discarded.
Trimmed reads were mapped to the Sorghum bicolor v3.1.1 genome sequence using
GSNAP (v 2018-03-25) (Wu et al., 2016) (-B 4 -N 1 -n 2 -Q -nofails format = sam). Genome
assembly of Sorghum bicolor (v3.1.1) [69] was downloaded from Phytozome version 12.1.
Samtools v 1.9 [70] was used to convert the raw SAM output from GSNAP to sorted BAM
files. FPKM was calculated using sorted bam files with cufflinks (v2.2) [71]. Genes were
classified as expressed if averaged FPKM (Fragments per Kilobase of transcript per Million
mapped reads) surpass or equal to 1 in any time points [72]. HTSeq v 0.6.1 was used to
extract the number of reads mapping to annotated exons of each gene for each RNA-seq
library using union mode [73]. DESeq2 [74] was used to identify differentially expressed
genes (DEGs) between resistant and susceptible lines, as well as the specified time points
after SCA infestation. The criteria of log2 (fold change) ≥1 or ≤−1 and a probability value
< 0.05 was used to declare DEGs.
4.5. Gene Ontology Enrichment and Clustering Analyses
Gene ontology (GO) and clustering analysis was performed on expressed genes
(FPKM ≥ 1) from sorghum inbred lines, TAM428 and Tx2737, across time points of 0 h,
96 h, 216 h, and 360 h. Data of FPKM values were normalized by row and analyzed using
the kmeans function implemented in R (v3.5.3) with 12 clusters. GO annotations were
downloaded from phytozome (v 12.1) for sorghum (v 3.1.1). GO enrichment analyses of
gene sets in each cluster were performed using GOATOOLS [75] with all annotated genes
in the genome as background. GO terms were considered significantly enriched if p < 0.05
after controlling for false discovery rate using the Benjamini-Hochberg procedure. Then,
singular enrichment analysis (SEA) for the DEG at 216 h and 360 h in the resistant genotype
was conducted using agriGO v2 (GO analysis toolkit and database for the agricultural
community [76]. Plant GO slim ontology type was selected from among the advanced
options and used with the default statistical test method, multi-test adjustment method,
and minimum number of mapping entries.
5. Conclusions
Sorghum infestation by SCA triggered a wide range of alterations in gene expression and cellular metabolism likely to impact plant growth and development. Sorghum
responses to SCA infestation occurred quickly and were temporally dynamic. SCA infestation of the R genotype activated genes that regulate stress responses, cell communication,
transferase activities, DNA binding, cellular catabolic processes, and various transcription
factors. This study elucidates the gene groups in sorghum that respond to SCA feeding,
and those that are either under- or over-expressed in a resistant line; these could be useful
targets in breeding for improved germplasm resistance to SCA. However, further validation
by qPCR may be of added value and needs to be carried out to improve the mechanistic or
physiological insights into the biological system.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22137129/s1, Figure S1: Outline of differential expression analysis of resistant and
susceptible sorghum genotypes after SCA infestation; Figure S2: Correlograms plots on the final
list of differential expressed genes between pairs of samples; Figure S3: Expression patterns of
transcription factors at different time points after SCA infestation in R and S sorghum genotypes;
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Table S1: Sequence quality of RNA-Seq reads as checked by trimmomatic at minimum length 36 and
% mapped to the reference sorghum genome; Table S2: Gene ontology annotation of differentially
expressed genes in the R genotype in the course of SCA infestation.
Author Contributions: Conceptualization and methodology, D.D.S. and E.B.; formal analysis, X.M.
and D.D.S.; investigation, D.D.S., R.P. and E.B.; resources, J.P.M., P.V.V.P. and R.P.; data curation,
D.D.S.; writing—original draft preparation, D.D.S.; writing—review and editing, D.D.S., J.P.M., J.S.,
R.P. and P.V.V.P.; visualization, X.M. and D.D.S.; supervision, J.S., R.P., J.P.M.; project administration,
R.P. and J.P.M.; funding acquisition, P.V.V.P. All authors have read and agreed to the published
version of the manuscript.
Funding: The funding for this research was provided by the Kansas Grain Sorghum Commission.
Support was also provided to J.P.M. by National Institute of Food and Agriculture grant no. 583072-6-006 for area-wide management of sugarcane aphid through U.S. Department of Agriculture.
P.V.V.P. appreciate U.S. Agency for International Development for supporting the Feed the Future
Sustainable Intensification Innovation Lab (Cooperative Agreement No. AID-OAA-L-14-00006).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All the raw sequencing reads for all the samples have been submitted
to the National Centre for Biotechnology Information (NCBI) sequence read archive and deposited
under the BioProject number PRJNA737745.
Acknowledgments: This is contribution number 21-306-J from the Kansas Agricultural Experiment
Station.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in
the decision to publish the results. Mention of trade names or commercial products in this publication
is solely for the purpose of providing specific information and does not imply recommendation or
endorsement by any part herein.

References
1.
2.
3.

4.

5.
6.
7.

8.

9.
10.
11.

FAOSTAT. United Nations Food and Agriculture Organization Statistics. 2018. Available online: http://www.fao.org/faostat/
en/#home (accessed on 23 October 2020).
Ciampitti, I.A.; Prasad, P.V.V. Sorghum: State of the Art and Future Perspective; Monograph 58; American Society of Agronomy:
Madison, WI, USA, 2019. [CrossRef]
Balakrishna, D.; Singode, A.; Bhat, B.V.; Tonapi, V.A. Sorghum Improvement Through Efficient Breeding Technologies. In
Accelerated Plant Breeding, Volume 1: Cereal Crops; Gosal, S.S., Wani, S.H., Eds.; Springer International Publishing: Cham,
Switzerland, 2020; pp. 411–435.
Villanueva, R.T.; Brewer, M.J.; Way, M.O.; Biles, S.; Sekula, D.; Bynum, E.; Swart, J.; Crumley, C.; Knutson, A.; Poter, P.; et al.
Sugarcane Aphid: A New Pest of Sorghum; Texas A&M AgriLife Extension. ENTO-35; Burleigh Dodds Science Publishing: College
Station, TX, USA, 2014.
Brewer, M.J.; Bowling, R.; Michaud, J.P.; Jacobson, A.L. Sugarcane Aphid: A New Sorghum Pest in North America; Texas A&M AgriLife
Extension. ENTO-056; Burleigh Dodds Science Publishing: College Station, TX, USA, 2016.
Paterson, A.H. Genomics of sorghum. Int. J. Plant Genom. 2008, 2008, 362451. [CrossRef]
Paterson, A.H.; Bowers, J.E.; Bruggmann, R.; Dubchak, I.; Grimwood, J.; Gundlach, H.; Haberer, G.; Hellsten, U.; Mitros, T.;
Poliakov, A.; et al. The Sorghum bicolor genome and the diversification of grasses. Nature 2009, 457, 551–556. [CrossRef]
[PubMed]
Cooper, E.A.; Brenton, Z.W.; Flinn, B.S.; Jenkins, J.; Shu, S.; Flowers, D.; Luo, F.; Wang, Y.; Xia, P.; Barry, K.; et al. A new reference
genome for Sorghum bicolor reveals high levels of sequence similarity between sweet and grain genotypes: Implications for the
genetics of sugar metabolism. BMC Genom. 2019, 20, 1–13. [CrossRef]
Mead, F.W. Sugarcane aphid, Melanaphis Sacchari (Zehntner); New Continental United States Record. Coop Plant Pest Rep. 1978, 3,
475.
White, W.H.; Reagan, T.E.; Hall, D.G. Melanaphis sacchari, a new pest of sugarcane in Louisiana. Fla. Entomol. 2001, 84, 435–436.
[CrossRef]
Armstrong, J.S.; Rooney, W.L.; Peterson, G.C.; Villenueva, R.T.; Brewer, M.J.; Sekula-Ortiz, D. Sugarcane aphid (Hemiptera:
Aphididae): Host range and sorghum resistance including cross-resistance from greenbug sources. J. Econ. Entomol. 2015, 108,
576–582. [CrossRef]

Int. J. Mol. Sci. 2021, 22, 7129

12.
13.
14.

15.

16.
17.
18.

19.
20.
21.

22.
23.
24.
25.
26.
27.
28.

29.

30.
31.

32.
33.

34.
35.
36.
37.

16 of 18

Bowling, R.D.; Brewer, M.J.; Kerns, D.L.; Gordy, J.; Seiter, N.; Elliott, N.E.; Buntin, G.D.; Way, M.O.; Royer, T.A.; Biles, S.; et al.
Sugarcane Aphid (Hemiptera: Aphididae): A new pest on sorghum in North America. J. Integr. Pest Manag. 2016, 7, 12. [CrossRef]
Kiani, M.; Szczepaniec, A. Effects of sugarcane aphid herbivory on transcriptional responses of resistant and susceptible sorghum.
BMC Genom. 2018, 19, 774. [CrossRef] [PubMed]
Zapata, S.; Dudensing, R.; Sekula, D.; Esparza-Diaz, G.; Villanueva, R. Estimating the Economic Impact of Invasive Pests: The
Case of the Sugarcane Aphid Outbreak. In Proceedings of the Agricultural and Applied Economics Association: No 258441,
Annual Meeting, Chicago, IL, USA, 30 July–1 August 2017.
Koralewski, T.E.; Wang, H.-H.; Grant, W.E.; Brewer, M.J.; Elliott, N.C.; Westbrook, J.K.; Szczepaniec, A.; Knutson, A.; Giles,
K.L.; Michaud, J.P. Integrating Models of Atmospheric Dispersion and Crop-Pest Dynamics: Linking Detection of Local Aphid
Infestations to Forecasts of Region-Wide Invasion of Cereal Crops. Ann. Entomol. Soc. Am. 2020, 113, 79–87. [CrossRef]
Armstrong, J.S.; Mbulwe, L.; Sekula-Ortiz, D.; Villanueva, R.T.; Rooney, W.L. Resistance to Melanaphis sacchari (Hemiptera:
Aphididae) in forage and grain sorghums. J. Econ. Entomol. 2017, 110, 259–265. [CrossRef]
Bayoumy, M.H.; Perumal, R.; Michaud, J.P. Comparative life histories of greenbugs and sugarcane aphids (Hemiptera: Aphididae)
coinfesting susceptible and resistant sorghums. J. Econ. Entomol. 2016, 109, 385–391. [CrossRef]
Souza, M.; Armstrong, J.; Hoback, W.; Mulder, P.; Paudyal, S.; Foster, J.E.; Payton, M.E.; Akosa, J. Temperature dependent
development of sugarcane aphids Melanaphis Sacchari, (Hemiptera: Aphididae) on three different host plants with estimates of
the lower and upper threshold for fecundity. Curr. Trends Entomol. Zool. Stds. 2019, 2, 1011. [CrossRef]
Colares, F.; Michaud, J.P.; Bain, C.L.; Torres, J.B. Recruitment of aphidophagous arthropods to sorghum plants infested with
Melanaphis sacchari and Schizaphis graminum (Hemiptera: Aphididae). Biol. Control 2015, 90, 16–24. [CrossRef]
Colares, F.; Michaud, J.P.; Bain, C.L.; Torres, J. Indigenous aphid predators show high levels of preadaptation to a novel prey,
Melanaphis sacchari (Hemiptera: Aphididae). J. Econ. Entomol. 2015, 108, 2546–2555. [CrossRef]
Bostick, N.M.; Laforest, J.H.; Bargeron, C.T.; Culbreath, A.K.; Brenneman, T.B.; Schmidt, J.M.; Buntin, G.D.; Toews, M.D.
Assessment of consensus-based scouting for management of sugarcane aphid (Heteroptera: Aphididae) in Georgia. J. Entomol.
Sci. 2020, 55, 1. [CrossRef]
Schuster, D.J.; Starks, K.J. Greenbugs: Components of host-plant resistance in sorghum123. J. Econ. Entomol. 1973, 66, 1131–1134.
[CrossRef]
Dixon, A.G.O.; Bramel-Cox, P.J.; Harvey, T.L. Complementarity of genes for resistance to greenbug [Schizaphis graminum
(Rondani)], biotype E, in sorghum [Sorghum bicolor (L.) Moench]. Theor. Appl. Genet. 1991, 81, 105–110. [CrossRef]
Michoud, J.P. IPM case studies: Sorghum. In Aphids as Crop Pests, 2nd ed.; van Emden, H.F., Ed.; CABI Bioscience: Oxfordshire,
UK, 2017; pp. 557–568.
Mbulwe, L.; Peterson, G.C.; Scott-Armstrong, J.; Rooney, W.L. Registration of sorghum germplasm Tx3408 and Tx3409 with
tolerance to sugarcane Aphid [Melanaphis sacchari (Zehntner)]. J. Plant Regist. 2016, 10, 51–56. [CrossRef]
War, A.R.; Paulraj, M.G.; Ahmad, T.; Buhroo, A.A.; Hussain, B.; Ignacimuthu, S.; Sharma, H.C. Mechanisms of plant defense
against insect herbivores. Plant Signal. Behav. 2012, 7, 1306–1320. [CrossRef]
Karban, R. The ecology and evolution of induced responses to herbivory and how plants perceive risk. Ecol. Entomol. 2020, 45,
1–9. [CrossRef]
Louis, J.; Shah, J. Arabidopsis thaliana—Myzus persicae interaction: Shaping the understanding of plant defense against phloemfeeding aphids. Front. Plant Sci. 2013, 4, 213. Available online: https://www.frontiersin.org/article/10.3389/fpls.2013.00213
(accessed on 23 October 2020). [CrossRef]
Sharma, H.C.; Bhagwat, V.R.; Daware, D.G.; Pawar, D.B.; Munghate, R.S.; Sharma, S.P.; Kumar, A.A.; Reddy, B.V.S.; Prabhakar,
K.B.; Ambekar, S.S.; et al. Identification of sorghum genotypes with resistance to the sugarcane aphid Melanaphis sacchari under
natural and artificial infestation. Plant Breed. 2014, 133, 36–44. [CrossRef]
Liu, F.-H.; Kang, Z.-W.; Tan, X.-L.; Fan, Y.-L.; Tian, H.-G.; Liu, T.-X. Physiology and defense responses of wheat to the infestation
of different cereal aphids. J. Integr. Agric. 2020, 19, 1464–1474. [CrossRef]
Tetreault, H.M.; Grover, S.; Scully, E.D.; Gries, T.; Palmer, N.A.; Sarath, G.; Louis, J.; Sattler, S.E. Global responses of resistant and
susceptible sorghum (Sorghum bicolor) to Sugarcane Aphid (Melanaphis sacchari). Front. Plant Sci. 2019, 10, 145. Available online:
https://www.frontiersin.org/article/10.3389/fpls.2019.00145 (accessed on 23 October 2020). [CrossRef] [PubMed]
Miles, P.W. Aphid saliva. Biol. Rev. 1999, 74, 41–85. [CrossRef]
Pegadaraju, V.; Louis, J.; Singh, V.; Reese, J.C.; Bautor, J.; Feys, B.J.; Cook, G.; Parker, J.E.; Shah, J. Phloem-based resistance to green
peach aphid is controlled by Arabidopsis PHYTOALEXIN DEFICIENT4 without its signaling partner ENHANCED DISEASE
SUSCEPTIBILITY1. Plant J. 2007, 52, 332–341. [CrossRef] [PubMed]
Escudero-Martinez, C.; Leybourne, D.J.; Bos, J.I.B. Plant resistance in different cell layers affects aphid probing and feeding
behaviour during non-host and poor-host interactions. Bull. Entomol. Res. 2021, 111, 31–38. [CrossRef]
Zhou, S.; Lou, Y.-R.; Tzin, V.; Jander, G. Alteration of plant primary metabolism in response to insect herbivory. Plant Physiol.
2015, 169, 1488–1498. [CrossRef]
Rogers, L.D.; Overall, C.M. Proteolytic post-translational modification of proteins: Proteomic tools and methodology. Mol. Cell.
Proteom. 2013, 12, 3532–3542. [CrossRef] [PubMed]
Friso, G.; van Wijk, K.J. Posttranslational protein modifications in plant metabolism. Plant Physiol. 2015, 169, 1469–1487. [CrossRef]

Int. J. Mol. Sci. 2021, 22, 7129

38.
39.
40.
41.
42.
43.

44.
45.
46.
47.
48.

49.
50.
51.
52.

53.
54.
55.
56.
57.
58.
59.
60.

61.

62.
63.
64.
65.

17 of 18

van Damme, E.J.M. Plant Lectins as Part of the Plant Defense System Against Insects BT—Induced Plant Resistance to Herbivory; Schaller,
A., Ed.; Springer: Dordrecht, The Netherlands, 2008; pp. 285–307.
Rahbé, Y.; Sauvion, N.; Febvay, G.; Peumans, W.J.; Gatehouse, A.M.R. Toxicity of lectins and processing of ingested proteins in
the pea aphid Acyrthosiphon pisum. Entomol. Exp. Appl. 1995, 76, 143–155. [CrossRef]
Hettenhausen, C.; Schuman, M.C.; Wu, J. MAPK signaling: A key element in plant defense response to insects. Insect Sci. 2015, 22,
157–164. [CrossRef]
Latchman, D.S. Transcription factors: An overview. Int. J. Exp. Pathol. 1993, 74, 417–422. Available online: https://pubmed.ncbi.
nlm.nih.gov/8217775 (accessed on 23 October 2020). [CrossRef]
Kariyat, R.R.; Gaffoor, I.; Sattar, S.; Dixon, C.W.; Frock, N.; Moen, J.; De Moraes, C.M.; Mescher, M.C.; Thompson, G.A.; Chopra, S.
Sorghum 3-deoxyanthocyanidin flavonoids confer resistance against corn leaf aphid. J. Chem. Ecol. 2019, 45, 502–514. [CrossRef]
Wu, T.D.; Reeder, J.; Lawrence, M.; Becker, G.; Brauer, M.J. GMAP and GSNAP for genomic sequence alignment: Enhancements
to speed, accuracy, and functionality. In Statistical Genomics: Methods and Protocols; Mathé, E., Davis, S., Eds.; Springer: New York,
NY, USA, 2016; pp. 283–334.
Rawat, N. Plant defense gene regulation and transcription factor dynamics. Rice Res. Open Access 2016, 4, 2–4. [CrossRef]
Zheng, Z.; Qamar, S.A.; Chen, Z.; Mengiste, T. Arabidopsis WRKY33 transcription factor is required for resistance to necrotrophic
fungal pathogens. Plant J. 2006, 48, 592–605. [CrossRef] [PubMed]
Li, Q.; Xie, Q.-G.; Smith-Becker, J.; Navarre, D.A.; Kaloshian, I. Mi-1-Mediated aphid resistance involves salicylic acid and
mitogen-activated protein kinase signaling cascades. Mol. Plant. Microbe. Interact. 2006, 19, 655–664. [CrossRef]
Yates-Stewart, A.D.; Pekarcik, A.; Michel, A.; Blakeslee, J.J. Jasmonic acid-isoleucine (JA-Ile) is involved in the host-plant resistance
mechanism against the soybean aphid (Hemiptera: Aphididae). J. Econ. Entomol. 2020, 113, 2972–2978. [CrossRef]
Yates-Stewart, A.D.; Daron, J.; Wijeratne, S.; Shahid, S.; Edgington, H.A.; Slotkin, R.K.; Michel, A. Soybean aphids adapted to
host-plant resistance by down regulating putative effectors and up regulating transposable elements. Insect Biochem. Mol. Biol.
2020, 121, 103363. [CrossRef] [PubMed]
Florencio-Ortiz, V.; Sellés-Marchart, S.; Casas, J.L. Proteome changes in pepper (Capsicum annuum L.) leaves induced by the green
peach aphid (Myzus persicae Sulzer). BMC Plant Biol. 2021, 21, 12. [CrossRef] [PubMed]
Wang, Z.; Dane, F. NAC (NAM/ATAF/CUC) transcription factors in different stresses and their signaling pathway. Acta Physiol.
Plant. 2013, 35, 1397–1408. [CrossRef]
Yuan, X.; Wang, H.; Cai, J.; Li, D.; Song, F. NAC transcription factors in plant immunity. Phytopathol. Res. 2019, 1, 3. [CrossRef]
Castelán-Muñoz, N.; Herrera, J.; Cajero-Sánchez, W.; Arrizubieta, M.; Trejo, C.; García-Ponce, B.; Sánchez, M.D.L.P.; ÁlvarezBuylla, E.R.; Garay-Arroyo, A. MADS-Box genes are key components of genetic regulatory networks involved in abiotic stress
and plastic developmental responses in plants. Front. Plant Sci. 2019, 10, 853. Available online: https://www.frontiersin.org/
article/10.3389/fpls.2019.00853 (accessed on 23 October 2020). [CrossRef] [PubMed]
Fatima, M.; Zhang, X.; Lin, J.; Zhou, P.; Zhou, D.; Ming, R. Expression profiling of MADS-box gene family revealed its role in
vegetative development and stem ripening in S. spontaneum. Sci. Rep. 2020, 10, 20536. [CrossRef]
Vitiello, A.; Molisso, D.; Digilio, M.C.; Giorgini, M.; Corrado, G.; Bruce, T.J.A.; D’Agostino, N.; Rao, R. Zucchini plants alter gene
expression and emission of (E)-β-caryophyllene following Aphis gossypii infestation. Front. Plant Sci. 2021, 11, 592603. [CrossRef]
Ambawat, S.; Sharma, P.; Yadav, N.R.; Yadav, R.C. MYB transcription factor genes as regulators for plant responses: An overview.
Physiol. Mol. Biol. Plants 2013, 19, 307–321. [CrossRef] [PubMed]
Cao, Y.; Li, K.; Li, Y.; Zhao, X.; Wang, L. MYB transcription factors as regulators of secondary metabolism in plants. Biology 2020,
9, 61. [CrossRef]
Welner, D.H.; Deeba, F.; Leggio, L.L.; Skriver, K. Chapter 13—NAC Transcription Factors: From Structure to Function in StressAssociated Networks; Gonzalez, D.H., Ed.; Academic Press: Boston, MA, USA, 2016; pp. 199–212.
Shao, H.; Wang, H.; Tang, X. NAC transcription factors in plant multiple abiotic stress responses: Progress and prospects. Front.
Plant Sci. 2015, 6, 902. [CrossRef] [PubMed]
Ramsay, N.A.; Glover, B.J. MYB–bHLH–WD40 protein complex and the evolution of cellular diversity. Trends Plant Sci. 2005, 10,
63–70. [CrossRef] [PubMed]
Tu, X.; Mejía-Guerra, M.K.; Valdes Franco, J.A.; Tzeng, D.; Chu, P.Y.; Shen, W.; Wei, Y.; Dai, X.; Li, P.; Buckler, E.S.; et al.
Reconstructing the maize leaf regulatory network using ChIP-seq data of 104 transcription factors. Nat. Commun. 2020, 11, 1–13.
[CrossRef]
Anathakrishnan, R.; Sinha, D.K.; Murugan, M.; Zhu, K.Y.; Chen, M.S.; Zhu, Y.C.; Smith, C.M. Comparative gut transcriptome
analysis reveals differences between virulent and avirulent Russian wheat aphids, Diuraphis noxia. Arthropod. Plant. Interact.
2014, 8, 79–88. [CrossRef]
Lan, H.; Zhang, Z.-F.; Wu, J.; Cao, H.-H.; Liu, T.-X. Performance and transcriptomic response of the English grain aphid, Sitobion
avenae, feeding on resistant and susceptible wheat cultivars. J. Integr. Agric. 2021, 20, 178–190. [CrossRef]
The International Aphid Genomics Consortium. Correction: Genome Sequence of the Pea Aphid Acyrthosiphon pisum. PLoS Biol.
2018, 16, e3000029. [CrossRef]
Stern, D.L. Aphids. Curr. Biol. 2008, 18, 504–505. [CrossRef] [PubMed]
Teetes, G.L.; Manthe, C.S.; Peterson, G.C.; Leuschner, K.; Pendleton, B.B. Sorghum resistant to the sugarcane aphid, Melanaphis
sacchari (Homoptera: Aphididae), in Botswana and Zimbabwe. Insect Sci. Appl. 1995, 16, 63–71. [CrossRef]

Int. J. Mol. Sci. 2021, 22, 7129

66.
67.
68.
69.

70.
71.

72.
73.
74.
75.
76.

18 of 18

Johnson, J.W.; Rosenow, D.T.; Teetes, G.L.; Phillips, J.M. Registration of 19 greenbug resistant sorghum germplasm lines. Crop Sci.
1982, 22, 1272. [CrossRef]
Iqbal, Z.; Iqbal, M.S.; Hashem, A.; Abd_Allah, E.F.; Ansari, M.I. Plant defense responses to biotic stress and its interplay with
fluctuating dark/light conditions. Front. Plant Sci. 2021, 12, 297. [CrossRef]
Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef] [PubMed]
McCormick, R.F.; Truong, S.K.; Sreedasyam, A.; Jenkins, J.; Shu, S.; Sims, D.; Kennedy, M.; Amirebrahimi, M.; Weers, B.D.;
McKinley, B.; et al. The Sorghum bicolor reference genome: Improved assembly, gene annotations, a transcriptome atlas, and
signatures of genome organization. Plant J. 2018, 93, 338–354. [CrossRef]
Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. 1000 Genome Project Data
Processing Subgroup. The sequence alignment/map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
Trapnell, C.; Williams, B.; Pertea, G.; Mortazavi, A.; Kwan, G.; Van Baren, M.J.; Salzberg, S.; Wold, B.J.; Pachter, L. Transcript
assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat.
Biotechnol. 2010, 28, 511–515. [CrossRef] [PubMed]
Sartor, R.C.; Noshay, J.; Springer, N.M.; Briggs, S.P. Identification of the expressome by machine learning on omics data. Proc.
Natl. Acad. Sci. USA 2019, 116, 18119–18125. [CrossRef]
Anders, S.; Pyl, P.T.; Huber, W. HTSeq-a Python framework to work with high-throughput sequencing data. Bioinformatics 2015,
31, 166–169. [CrossRef] [PubMed]
Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15. [CrossRef]
Klopfenstein, D.V.; Zhang, L.; Pedersen, B.S.; Ramírez, F.; Vesztrocy, A.W.; Naldi, A.; Mungall, C.J.; Yunes, J.M.; Botvinnik, O.;
Weigel, M.; et al. GOATOOLS: A Python library for Gene Ontology analyses. Sci. Rep. 2018, 8, 1–17. [CrossRef]
Tian, T.; Liu, Y.; Yan, H.; You, Q.; Yi, X.; Du, Z.; Xu, W.; Su, Z. agriGO v2.0: A GO analysis toolkit for the agricultural community,
2017 update. Nucleic Acids Res. 2017, 45, W122–W129. [CrossRef] [PubMed]

Figure S1: Outline of differential expression analysis of resistant and susceptible sorghum genotypes
after SCA infestation

Figure S2: Correlograms plots on the final list of differential expressed genes between pairs of samples

Figure S3: Expression patterns of transcription factors at different time points after SCA infestation in R
and S sorghum genotypes

Table S1: Sequence quality of RNA-Seq reads as checked by trimmomatic at minimum length 36 and %
mapped to the reference sorghum genome
Samples
(3 reps)
SC0-1
SC0-2
SC0-3
RC0-1
RC0-2
RC0-3
SC96-1
SC96-2
SC96-3
RC96-1
RC96-2
RC96-3
S96-1
S96-2
S96-3
R96-1
R96-2
R96-3
SC216-1
SC216-2
SC216-3
RC216-1
RC216-2
RC216-3
S216-1
S216-2
S216-3
R216-1
R216-2
R216-3
S360-1
S360-2
S360-3
R360-1
R360-2
R360-3
Average

Input read
pairs
20869532
21582377
21495627
20804391
23847664
20450650
21612368
20270518
22932175
20156506
22339199
21458947
20375958
20720837
20306856
21729269
22176605
20524704
21622958
22273380
21223391
21405058
20019075
21648085
22475053
21643746
20188220
22142648
20595868
21010044
22415308
21349472
21128786
22330024
21696698
20088692
21358630

Both
surviving
20020898
20638744
20578344
19921855
22998304
19625632
20593321
19402164
21871434
19352416
21457487
20481303
19503653
19872620
19424981
20875591
21240941
19710937
20666100
21228226
20263135
20387803
19182679
20729431
21456247
20742298
19374798
21195608
19721048
20126127
21580073
20488840
20201576
21478556
20753367
19071273
20450495

Quality
(%)
95.93
95.63
95.73
95.76
96.44
95.97
95.28
95.72
95.37
96.01
96.05
95.44
95.72
95.91
95.66
96.07
95.78
96.04
95.57
95.31
95.48
95.25
95.82
95.76
95.47
95.84
95.97
95.72
95.75
95.79
96.27
95.97
95.61
96.19
95.65
94.94
96

Forward
only
839518
935322
912765
874370
834416
814978
1011415
862631
1053137
799079
87660
970674
854093
870770
870413
847675
924990
805633
950178
1037385
953705
1011524
830082
913309
1011431
894898
807164
938673
860892
873770
821684
852007
920299
840828
936872
1009906
878726

Reverse
only
7578
6447
2632
6220
13307
7943
5405
3765
5257
2959
3148
4675
16458
5256
9700
3777
8042
5835
4626
5636
4778
3734
4723
3464
5410
4866
4632
5681
12247
7943
11779
6911
4933
8492
4105
5461
6328

Percent
mapping
97.87
97.77
97.62
98.16
98.18
98.32
97.80
97.69
97.79
97.38
98.07
97.71
96.74
97.45
95.71
96.39
97.68
96.33
97.84
97.80
97.64
98.30
97.61
97.56
93.97
96.41
93.38
97.91
97.20
96.89
86.69
92.65
95.35
97.52
97.49
97.73
95.49

Table S2: Gene ontology annotation of differentially expressed genes in the R genotype in the course of
SCA infestation
GO term

Ontology Description
*

Number
in input

Number
in Ref

p-value FDR

R0h

GO:0015979 P

Photosynthesis

34

91

2.1e-23 3.2e-21

R0h

GO:0006091 P

Generation of precursor
metabolites and energy

16

98

3e-07

R0h

GO:0008152 P

Metabolic process

278

7395

6.7e-06 0.00034

R0h

GO:0009579 C

Thylakoid

18

67

5.5e-11 4.7e-09

R0h

GO:0030529 C

Intracellular ribonucleoprotein
complex

23

347

0.00085 0.024

R0h

GO:0005840 C

Ribosome

21

295

0.0006

S0h

GO:0003824 F

Catalytic activity

471

6982

8.8e-08 7.2e-06

S0h

GO:0030246 F

Carbohydrate binding

29

189

4.8e-06 0.00019

S0h

GO:0016740 F

Transferase activity

202

2793

9.8e-05 0.0027

S0h

GO:0000166 F

Nucleotide binding

158

2153

0.00037 0.0075

S0h

GO:0016301 F

Kinase activity

104

1343

0.00083 0.013

GO:0016772 F

Transferase activity, transferring
phosphorus-containing groups

112

1533

0.0033

R0S0h GO:0050789 P

Regulation of biological process

46

1432

0.00043 0.021

R0S0h GO:0019725 P

Cellular homeostasis

10

132

0.00035 0.021

R0S0h GO:0050794 P

Regulation of cellular process

46

1401

0.00027 0.021

R0S0h GO:0042592 P

Homeostatic process

10

143

0.00063 0.023

R0S0h GO:0065007 P

Biological regulation

46

1487

0.00094 0.027

R0S0h
RS96h
RS96h
RS96h
RS96h
RS96h

Extracellular region
Cell cycle
DNA metabolic process
Motor activity
DNA binding
Nucleoside-triphosphatase
activity
Pyrophosphatase activity
Hydrolase activity, acting on acid
anhydrides, in phosphoruscontaining anhydrides
Hydrolase activity, acting on acid
anhydrides
Nucleic acid binding
Hydrolase activity
Nucleotide binding
Intracellular organelle part
Organelle part
Intracellular non-membranebounded organelle

7
8
10
11
29
16

66
100
223
69
1112
394

0.00043
1.8e-06
1.3e-05
2.4e-11
7.6e-09
1e-07

16
16

409
418

1.7e-07 2.1e-06
2.3e-07 2.2e-06

16

428

3.1e-07 2.5e-06

31
29
28
26
26
26

1968
2042
2153
513
515
538

9e-05
0.0009
0.0041
4.4e-14
4.8e-14
1.3e-13

S0h

GO:0005576
GO:0007049
GO:0006259
GO:0003774
GO:0003677
GO:0017111

C
P
P
F
F
F

RS96h GO:0016462 F
RS96h GO:0016818 F

RS96h GO:0016817 F
RS96h
RS96h
RS96h
RS96h
RS96h
RS96h

GO:0003676
GO:0016787
GO:0000166
GO:0044446
GO:0044422
GO:0043232

F
F
F
C
C
C

2.2e-05

0.024

0.045

0.023
0.0002
0.00072
1.2e-09
1.9e-07
1.7e-06

0.00064
0.0056
0.023
1.3e-12
1.3e-12
1.7e-12

RS96h GO:0043228 C
RS96h
RS96h
RS96h
RS96h
RS96h
RS96h
RS96h
RS96h
RS96h
R96S96h
R96S96h
S96h
S96h
S96h
S96h
S96h
S96h
R216h
R216h
R216h
R216h
R216h
R216h
S216h
R360h

GO:0043226
GO:0043229
GO:0005856
GO:0044424
GO:0005622
GO:0005623
GO:0044464
GO:0032991
GO:0005634
GO:0043227

C
C
C
C
C
C
C
C
C
C

GO:0043231 C

Non-membrane-bounded
organelle
Organelle
Intracellular organelle
Cytoskeleton
Intracellular part
Intracellular
Cell
Cell part
Macromolecular complex
Nucleus
Membrane-bounded organelle

26

538

1.3e-13 1.7e-12

39
39
13
40
41
42
42
28
15
15

1423
1421
135
1815
1895
1999
1999
989
669
936

1.7e-12
1.6e-12
1.1e-10
5.8e-10
5.6e-10
7.6e-10
7.6e-10
2.5e-09
0.00025
0.0065

1.5e-11
1.5e-11
8.8e-10
3.5e-09
3.5e-09
3.7e-09
3.7e-09
1.1e-08
0.001
0.023

936

0.0065

0.023

483
872
179
6982
97
66
7395
20
483
88
6982
189
6982
1589

6.9e-08
6.7e-06
0.00063
3.2e-06
0.00057
0.00056
7.2e-05
6.3e-05
0.00025
0.00027
6e-07
0.00031
1.4e-06
2.1e-05

1.6e-05
0.00079
0.049
0.00026
0.023
0.043
0.0083
0.0083
0.016
0.016
4.6e-05
0.012
8.7e-05
0.0043

7395
1629
20
6982
1343
2793
189
1533

8.5e-05
6.1e-05
0.00037
7.1e-07
2.9e-06
1.6e-05
6.2e-05
8.4e-05

0.0057
0.0057
0.019
6.8e-05
0.00014
0.00049
0.0015
0.0016

6982

0.00019 0.017

538

0.00044 0.026

538

0.00044 0.026

Intracellular membrane-bounded 15
organelle
GO:0006950 P
Response to stress
58
GO:0050896 P
Response to stimulus
80
GO:0032501 P
Multicellular organismal process 22
GO:0003824 F
Catalytic activity
443
GO:0004518 F
Nuclease activity
15
GO:0005576 C
Extracellular region
12
GO:0008152 P
Metabolic process
463
GO:0009607 P
Response to biotic stimulus
8
GO:0006950 P
Response to stress
47
GO:0051704 P
Multi-organism process
15
GO:0003824 F
Catalytic activity
456
GO:0030246 F
Carbohydrate binding
24
GO:0003824 F
Catalytic activity
161
GO:0006464 P
Cellular protein modification
128
process
R360h GO:0008152 P
Metabolic process
466
R360h GO:0043412 P
Macromolecule modification
128
R360h GO:0009607 P
Response to biotic stimulus
7
R360h GO:0003824 F
Catalytic activity
459
R360h GO:0016301 F
Kinase activity
116
R360h GO:0016740 F
Transferase activity
205
R360h GO:0030246 F
Carbohydrate binding
26
R360h GO:0016772 F
Transferase activity, transferring 121
phosphorus-containing groups
S360h GO:0003824 F
catalytic activity
458
S360h
intracellular non-membraneGO:0043232 C
52
bounded organelle
S360h
non-membrane-bounded
GO:0043228 C
52
organelle
*C=Cellular components, F=Molecular function, and P=biological process

